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THE EFFECT OF SENSOR AND ACTUATOR ERRORS ON STATIC SHAPE CONTROL FOR LARGE SPACE STRUCTURES

Sill1MARY
This paper is concerned with quantifying the effect of sensor and actuator errors on the ability of thermal control actuators to correct static shape distortion of orbiting spacecraft such as large space antennas.
Expressions for the statistical properties of the control effectiveness are derived based on the assumption of normally distributed errors.
An example of a 55m space-truss parabolic antenna distorted by orbital
heating is used to demonstrate the effect of sensor and actuator error. It is found that in the case of even moderately large errors, increasing the number of actuators does not always enhance shape control. Interest in the problem of controlling quasi-static disturbances has recently increased. Much of the work reported on active control of quasistatic disturbances is related to active control of optical systems such as mirrors (see [6] for a survey of the state of the art as of 1978).
LIST OF SYMBOLS
Generally, force actuators are employed for static shape control (e.g. [7] [8] [9] [10] [11] ). However, Bushnell [7] characterizes some of these (e.g. [12, 13] ) as displacement actuators because they are stiff enough to enforce prescribed displacements. Another variation of the force actuator in a truss structure is one which changes the length of a member by reeling a cable in or out or by using a screw mechanism. This approach is used on some antennas (e.g. [14] ) to correct fabrication errors, albeit on the ground rather than in orbit. A recently proposed alternative is the use of applied temperatures on the structure. In [15] the basic concept of using heater actuators was described and evaluated on beam and antenna examples. In [16] the problem of finding near-optimum actuator locations was investigated and two methods based on heuristic integer programming were described and evaluated.
To date no attempt has been made to study the effects of sensor and actuator errors on static shape control. The purpose of the present paper is to extend the work described in [15] and [16] The structure is assumed to be in earth orbit and possess rigid body degrees of freedom. The structure is defined over some region n and it is assumed that its desired shape has been distorted by an amount $(Q) where Q is a point in nand $ is a vector containing displacement components in three orthogonal directions. The distortion is corrected by prescribing temperatures at n high-thermal-expansion inserts (actuators) placed in the structure. The distortion $ is assumed to be slowly varying so that the actuator inputs may be calculated by a quasi-static analysis.
The residual displacement 0 is the sum of the shape distortion and the
where Ti is the temperature differential of the ith actuator relative to the temperature at which $ is measured and u i is the displacement field due to a unit value of T i •
We seek values of T. which most effectively offset W, that is cause 0 1 to be close to zero. A common measure of the smallness of 0 is based on the rms value
where Vo is a reference volume and a dot represents a scalar product. The necessary condition for a minimum is
Equations ( 
The ratio of controlled to uncontrolled rms distortion is called the distortion ratio g and is given by 
where U is a matrix whose columns are u i ' i~1,2, ••• ,n. Equation (2) becomes (9) where B is a symmetric positive definite matrix. Similarly the expressions 
Statistical Properties of Distortion Correction
We assume that there are enough sensors to obtain an accurate reading of 1/ 1 in the absence of errors and that they have no bias. Then 1/ 1 -1/I m is a random vector with a zero mean. Similarly, we assume that there is no actuator bias so that Ta -Tm is also a random vector with zero mean. Using
Eqs. (13) and (14) we obtain
. (18) where (19 ) We further assume that ~m -~ and Ta and is, therefore, the sum of two independent normally distributed zero-mean vectors. Hence T -T is also a normally distributed vector with zero mean. The expected value of g , denoted E(g ), and the standard deviation 
It is shown in [17] that using equations (27) and (29) were used in the present study. In the present study it was assumed that a sensor is located at each of the joints of the truss so that in the absence of sensor errors all the displacement components at the joints are known.
The matrix B of Eq. (9) was taken to be a diagonal matrix with unit entries corresponding to the displacement components normal to the reflector surface. This means that the mission of the control system was to minimize the rms value of the normal displacements at the joints. It was assumed that sensor errors are uncorrelated and all have the same standard deviation a~.
Similarly, it was assumed that acturator errors were uncorrelated and have the same standard deviation aT.
First, the effects of sensor and actuator errors were studied for a 12 actuator configuration from [16J (which had go ~ 0.275). The effect of ,-actuator errors on the expected value and standard deviation of the distortion ratio is· shown in Figure 3 .
In ~igure 3, the actuator temperature error is normalized to the maximum component of the temperature vector To. The distortion ratio is normalized to go. As may be predicted on the basis of equations (25) and (28), E(g) and a(g) vary quadratically
with aT. This is due to the actuator temperatures being the solution of a minimization problem so that small errors in the temperatures do not have any first order effect. However, it is seen from Figure 3 that errors with
aT greater than about ten percent of the maximum actuator temperature differential substantially degrade the effectiveness of the control procedure.
The bands of width a(g)/go indicate the scatter of the distortion ratio, but since g is not a normal random variable, care must be exercised in the interpretation of a(g). Figure 4 shows the effect of sensor error on the expected values and standard deviation of the distortion ratio. In Figure 4 , the sensor error is normalized to the maximum component of the distortion vector~. Here, substantial degradation in performance occurs for errors which are above ten percent of the maximum component of the distortion vector.
Next the effect of the number of actuators was studied. An error combination which has a moderate effect on the 12-actuator configuration was selected.
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The value of a~ was selected to be 10 in. (corresponding to 0.25 percent of maximum component of ~ and the value of aT was selected to be 0.01 degrees (corresponding to 6.5 percent of the 12-actuator maximum temperature differential). This combination corresponds to E(g)/go of 1.11
for the 12-actuator configuration. The number of actuators was varied from 12 to 60 with the same values of aT and a~. The results are summarized in Table 1 (a) and also in Fig. 5 which shows the one-a scatter band about E(g). Figure 5 shows that as the number of actuators increases, the effect of the error becomes more severe, to the point that the benefit of increasing the number of actuators beyond twenty is questionable.
The same study was repeated for a smaller error combination and the results are summarized in Table 1 
